Abstract. This paper presents how a shape measurement system (SMS) based on projected fringes can be combined with a 2-D digital image correlation (DIC) technique to accurately measure surface profile and 3-D displacement fields at the same time. Unlike traditional 3-D DIC techniques, the proposed method can measure discontinuous surfaces as easily as smooth ones. The method can also be extended to a multi-camera multi-projector system, and thus complete 360° 3-D displacement fields can be obtained within a single global coordinate system. Details of the algorithm are presented together with experimental results.
Introduction
Among optical techniques available to accurately measure shape and deformation of 3-D surfaces, projected fringe and digital image correlation are two well-established techniques that have been widely used in industry. The projected fringe technique is recognised for its high accuracy and spatial resolution in measuring shape and out-of-plane displacement fields [1] , but it cannot identify in-plane displacements reliably since information of surface features is not used. On the other hand, 2-D DIC is a proven technique for accurately measuring in-plane deformation, which has later been extended to 3-D DIC for 3-D deformation measurements [2] . However, the performance of 3-D DIC in measuring surface profile is inferior to that of the projected fringe technique. Many applications require fast, accurate and concurrent measurements of both surface profile and deformation for manufacturing quality control and structural testing purposes. Therefore, it is desirable to combine the strengths of the projected-fringe and DIC techniques on one measurement system.
The literature contains a small number of works that describe combinations of projected fringe and DIC techniques. Reference [3] describes a method using two projectors and two cameras equipped with colour filters to separately capture fringe patterns and speckle patterns that are simultaneously present on the object surface. The projected fringe technique is then applied to estimate surface profile and out-of-plane displacements, while the 2-D DIC technique is used to determine in-plane displacements. References [4] and [5] describe a simpler system using one camera and one projector, in which the fringe pattern is isolated from the speckle pattern during the computation stage using a Fourier transform. In reference [6] , sinusoidal fringes and speckle pattern are captured in two temporally discrete steps and processed in a similar way to the above-mentioned methods. In each of these works, the authors have described the system performance on continuous surfaces. In this work, a one-camera one-projector system based on fringe projection and temporal phase unwrapping techniques is used to measure shapes and 3-D displacement fields of objects with complex surface discontinuities. In order to achieve this, the conventional image correlation technique is modified to cope with discontinuities. The method can be extended to a multi-camera multi-projector system so that complete 360º surface profile and 3-D displacement fields can be obtained within a single global coordinate system. The accuracy of the current system has been validated with an experiment on a specimen undergoing rigid-body deformation.
Surface profile estimation and segmentation
The shape measurement system can be configured to include multiple camera-projector sensors. The simplest arrangement consists of a sensor containing one camera and one projector. A sequence of patterns consisting of sinusoidal intensity fringes is projected onto the specimen surface during the measurement process. The position of a scattering point on the surface is encoded as spatial distortions of the fringe patterns in the intensity image. Phase estimation and temporal phase unwrapping [7] are applied at each camera pixel independently of its neighbours to estimate 3-D coordinates of scattering points on the specimen surface. In this way, surfaces with complex geometries and discontinuities can be measured as easily as simple ones. The authors have given details of the measurement algorithm in reference [8] with further information about the calibration method in reference [1] .
To demonstrate the ability of the system to measure discontinuous surfaces, shape measurement results for a planar test specimen containing a round hole and a rectangular step are given in Figure 1 . The texture image is shown in Figure 1 -a, and the results of X-, Y-and Z-coordinates of nearly one million scattering points are presented in Figures 1-b , 1-c and 1-d, respectively. The specimen was located near the origin of the calibrated measurement volume and was positioned with the planar surface at approximately 10º with respect to the XY-plane. The Cartesian coordinate system was orientated with the Z-axis pointing toward the sensor (see Figure 5 ). Within the hole region, measured data correspond to the background instead of the specimen of interest, thus resulting 3-D coordinates have been automatically masked out using a depth threshold. The shadow region to the left of the step is automatically detected and omitted from the generated surface model. In addition, the dark regions that can be seen around the edges of the texture image have a very low fringe visibility and are also automatically removed from the final result. A mask of valid pixels lying within a region of interest is shown in Figure 2 -a. Thus, the resulting 3-D model of the specimen is reconstructed with high confidence despite the presence of the surface discontinuities.
Once the 3-D shape is obtained, it is straightforward to detect discontinuities and segment discrete continuous regions of the surface. A pixel can be identified as corresponding to a discontinuity if it satisfies one of the following conditions,
3) where x and y are respectively the horizontal and vertical image coordinates of the pixel (as shown in Figure 1 -a); the constants x ρ and y ρ are the thresholds of 3-D distance between two neighbouring pixels in horizontal and vertical directions, respectively; and mask is the logical mask specifying whether a pixel contains a valid 3-D coordinate (see Figure 2 -a). Discontinuities identified in this way may define closed boundaries between continuous surface regions that can then be segmented and labelled using standard image processing techniques [9] . 
Digital image correlation of discontinuous sub-images
The 2-D DIC technique is used to estimate the displacement vectors of sub-images within the region of interest during the deformation process. A small region of a reference image (called reference subimage) is matched against a region of a deformed image (called deformed sub-image). In practice, the specimen surface is prepared with a high-contrast random speckle pattern (as can be seen in Figure 1 -a) to aid the matching algorithm. A successful match of two sub-images is obtained when their correlation score (e.g. cross-correlation or squared distance) meets some predefined criteria. In conventional DIC techniques [2] , the average of relative displacement of the matched sub-images is assumed to be the displacement of the pixel at the centre of the reference sub-image. As a consequence, all pixels within the sub-images are assumed to lie on the same continuous region, which is the case of sub-image 1 illustrated in Figure 3 . However, this assumption may be invalid for a subimage that intersects multiple continuous regions (e.g. sub-image 2 and 3) as each region may undergo a different deformation that is generally not the same as that of the sub-image. In this work, the image correlation algorithm is modified so that the correlation score is computed for the labelled regions independently. The cross-correlation score of a displacement candidate ) , ( v u for the k th region of a reference and deformed sub-image can be computed by
where f and g are respectively the reference and deformed sub-image whose DC term has been removed to exclude the effects of changes in ambient lighting, and ) , ( y x specifies a pixel within the region under investigation. Equation 2 can be calculated more efficiently in the frequency domain by
where F is the Fourier transform, the asterisk indicates the complex conjugate, and ' f and ' g are respectively the sub-images f and g padded with zeros around their edges to allow sub-pixel displacement estimation. In addition, pixels that belong to other regions and the background are set to zeros in ' f and ' g so that they do not contribute to the correlation score. An optimised correlation procedure based on that described in reference [10] is used to compute the image displacement (u,v) with a sub-pixel accuracy of up to one-hundredth of a pixel. 
Measurement of 3-D displacements
4.1. 3-D displacements by a one-camera one-projector sensor Surface profile and 3-D displacement fields can be estimated using a sensor consisting of one camera and one projector. The analysis process is illustrated in Figure 4 . At a reference state, the object surface is measured with the shape measurement system using projected fringes as introduced in Section 2, generating a dense cloud of 3-D points corresponding to the scattering points imaged at camera pixels. A white-light texture image of the speckle pattern on the object surface is also captured by the camera. From the measured point cloud, discontinuities are detected and continuous regions are segmented. At each subsequent loading state, the deformed 3-D point cloud and texture image are also obtained in the same way.
A region of interest is selected in the reference image, in which a grid of reference sample points is populated. Using the correlation technique described in Section 3, those 2-D sample points are matched with corresponding 2-D points in the deformed texture image.
The 3-D coordinates of the reference sample points can be extracted easily from the reference 3-D point cloud as they correspond to integer pixels in the reference image. Image coordinates of a deformed sample point are generally non-integers, and hence it is necessary to interpolate 3-D coordinates from the neighbouring pixel sites using a bicubic interpolation. The systematic error induced by the interpolation process is not usually significant, since the geometric distances between the interpolation points are small (due to the high density of the point cloud), Finally, the 3-D displacements are computed by direct subtraction of the 3-D coordinates of the deformed and reference sample points. Alternatively, the singular value decomposition (SVD) technique may be used to match subsets of neighbouring 3-D points [11] , thus generating both displacement and rotation components.
Extension to multi-camera multi-projector system
The shape measurement system used in this work can easily be extended to a multi-camera multiprojector system due to the modular design. More cameras and/or projectors can be added in order to inspect different parts of the object, since the present calibration technique Figure 5 depicts the experiment arrangement for measuring surface profile and 3-D displacement fields. The planar specimen containing a hole and a step, which has been described in Section 2, was mounted on a test rig consisting of a translation stage that moved the specimen in its plane and mostly in the X-direction. The specimen was translated by a series of 18 displacements varying from 0 mm to 1.016 mm with an increment of 0.127 mm and from 1.016 mm to 10.160 mm with an increment of 1.016 mm. The translation stage has a resolution of 2.54 µm. A one-camera one-projector sensor was used in this experiment. The camera has an image resolution of 1024×1024 pixels which corresponds to a field of view of approximately 700×700 mm 2 . The surface profile and 3-D displacement fields were estimated for each true displacement prescribed by the translation stage. Figure 1 shows the results of the surface profile corresponding to the reference state (with the true displacement of 0 mm). A grid of nearly 1,000 sample points was selected within a region of interest in the reference image and was automatically redistributed to adapt with discontinuities present on the measured surface (see Figure 6-a) . Figure 6 -b shows an estimated 3-D displacement magnitude field that corresponds to the true displacement of 10.160 mm. The 3-D displacement magnitude d of a sample point was computed by To quantify the accuracy of each 3-D displacement field measurement, the mean value of the estimated displacement magnitudes is compared against the true displacement. The mean 3-D displacement magnitude is computed by
Experimental results
where i represents a sample point and n is the number of sample points. The mean image displacements u and v are computed in the same way. Figure 7 -a shows the variations of these mean displacements with the true displacement. The "ideal d " and "estimated d " curves are effectively superimposed on this graph. Figure 7 -b therefore presents the error of the mean 3-D displacement magnitude which is computed by 
Concluding remarks
The projected fringe and digital image correlation techniques can be combined on a one-camera oneprojector system to accurately measure both profile and 3-D deformation of surfaces with complex geometrical discontinuities. Experimental results show that this method currently achieves the accuracy of 1/7,000 of the measurement volume side for rigid-body 3-D displacements of up to about 10 mm. The method can easily be extended to a multi-camera multi-projector system to obtain complete 360º measurement. However, the method may be restricted to specimens undergoing relatively static deformation due to the use of the temporal phase unwrapping technique. 
